Gene transcription is required for establishing and maintaining the enduring form of long term potentiation (LTP). However, the transcriptome and its associated molecular programs that support LTP are not well understood. The purpose of this study was to identify activity-regulated genes (ARGs) and their molecular pathways that are modulated by LTP induction and to investigate the genomic mechanism for coordinating the transcription of ARGs. We performed time course DNA microarray analyses on the mouse dentate gyrus to determine the temporal genomic expression profiles of ARGs in response to LTP-inducing tetanic stimulation. Our studies uncovered ARGs that regulate various cellular processes, including the structure and function of the synapse, and offered an overview of the dynamic molecular programs that are probably important for LTP. Surprisingly, we found that ARGs are clustered on chromosomes, and ARG clusters are conserved during evolution. Although ARGs in the same cluster have apparently different molecular properties, they are functionally correlated by regulating LTP. In addition, ARGs in specific clusters are co-regulated by the cAMP-response element-binding protein. We propose that chromosomal clustering provides a genomic mechanism for coordinating the transcription of ARGs involved in LTP.
Synaptic plasticity is a fundamental property of the nervous systems and is essential for animals to cope with dynamic environments. One of the best characterized forms of synaptic plasticity is long term potentiation (LTP) 2 (1). LTP is thought as a leading cellular substrate for long term storage of information in the brain (2) (3) (4) (5) (6) . In addition to learning and memory, a variety of other experience-induced behavioral changes in different brain regions are also mediated by LTP-like mechanisms (7) .
There are temporally distinguished forms of LTP that require distinct mechanisms for their maintenance (8, 9) . One is the short term LTP (early LTP) that usually lasts for less than 1 h and results from modifications of pre-existing synaptic proteins. Another is the longer lasting LTP (late LTP) that requires activity-induced protein synthesis and gene transcription (8) . At the cellular level, the maintenance of late LTP is associated with structural remodeling of synapses that can lock in the change of synaptic strength (8 -10) . Activity-induced protein synthesis and gene expression are probably necessary to support such longer lasting structural changes of the synapse. Therefore, identifying the genes that are regulated during LTP is essential for understanding the molecular mechanism underlying long lasting LTP.
Previous studies reported individual ARGs that are up-regulated by LTP-inducing tetanic stimulations (9, (11) (12) (13) (14) (15) . More recently, a number of microarray analyses have been carried out to identify ARGs regulated by various experimental stimuli, including electroconvulsive seizures (16, 17) , KCl-mediated membrane depolarization (18) , N-methyl-D-aspartate stimulations (19) , and learning tasks (20 -23) . Many of the identified ARGs belong to the group of immediate early genes (IEGs) (24) . Functional characterizations of IEGs such as Zif 268 (25) , Homer 1 (26) , tissue-plasminogen activator (27) , and Arc/ Arg3.1 (28, 29) suggest their critical roles in LTP and memory (24, 26, 30, 31) . Despite the important progress, we still lack a genomic overview of ARGs during LTP. We also do not know how ARGs are organized in the genome.
Here we present data from a time course DNA microarray analysis of the genomic expression after LTP-inducing tetanic stimulations in the mouse dentate gyrus (DG). Our studies identify a large number of ARGs responding to LTP induction and reveal temporal molecular processes that accompany the progress of LTP expression and maintenance. Interestingly, ARGs are clustered on chromosomes. Many ARG clusters are located in chromosomal domains enriched with CREB-binding loci and display CREB-dependent transcription.
EXPERIMENTAL PROCEDURES
Electrophysiology-For all electrophysiology experiments, hippocampal slices (400 mm) were prepared from 21-to 28-day-old male mice (C57/BL6). Prior to recording, slices were allowed to recover first for 30 min at room temperature in oxygenated (95% O 2 ; 5% CO 2 ) artificial cerebrospinal fluid (ACSF; 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 1.0 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 11.0 mM glucose), and then for 60 min at 27°C in the submerged recording chamber that was continuously perfused with oxygenated ACSF. Field excitatory postsynaptic potentials of perforant path-dentate gyrus synapses were evoked with concentric bipolar tungsten-stimulating electrodes and recorded with low resistance glass microelectrodes filled with 3 M NaCl. Both stimulating and recording electrodes were visually placed in the middle molecular layer of the dentate gyrus. Long term potentiation (LTP) was induced by high frequency stimulations (four trains of 1-s 100-Hz stimulations spaced by 30-s intervals). To determine input-output curves, increasing stimulation strengths were applied (from 0 to 15 mA in 0.5-mA steps), and three field excitatory postsynaptic potentials slopes were averaged per stimulation strength value. For electrophysiology experiments pertaining to microarray analysis, hippocampal slices were microdissected to isolate the dentate gyrus prior to recovery in the oxygenated chamber. From each animal, five dentate gyrus mini slices were prepared; this set of slices from the same animal was processed, recovered, and recorded under the same conditions. One of the slices received test stimulations but not LTP induction and was used as a control; the other four slices received LTP induction and were collected for RNA purification at 30, 60, 90, and 120 min post-LTP induction. No stimulations were applied after test and tetanic stimulations (Fig. 1D ). Electrophysiology on all five slices was conducted in the same recording chamber at the same time in series to maintain the consistency of experimental conditions. Ten sets of mini slices from independent experiments were collected to purify RNA for each microarray analysis, which was repeated four times using independently prepared RNA samples. To ensure the RNA integrity necessary for microarray and real time RT-PCR experiments, all electrophysiology experiments were conducted within 4 h following slice preparations after which all slices were flash-frozen for subsequent RNA extraction. Drugs and antibodies in oxygenated ACSF were perfused into the recording chamber. Cystamine was obtained from Sigma; NSC663284 was from Dr. Schultz (NCI, National Institutes of Health), and anti-PHPS1 was from Santa Cruz Biotechnology (Santa Cruz, CA).
Microarray Analysis-Total RNA was extracted from frozen (Ϫ80°C) dentate gyrus mini slices collected following the electrophysiology experiments. For control and each LTP time point, four sets of 10 dentate gyrus mini slices were pooled together and homogenized, and total RNA was extracted using Trizol reagent (Invitrogen). Prior to microarray hybridization, the quality of each RNA sample was verified with the Agilent 2100 Bioanalyzer. Total RNA was reverse-transcribed into cDNA, converted to biotin-labeled cRNA, and then hybridized onto individual Affymetrix Mus musculus MGU74Av2 GeneChip arrays following the manufacturer's instructions. We used a statistical strategy of pairwise comparisons suggested for time course microarray experiments (32) to identify genes that have significantly changed their expression levels at various time points after LTP induction, compared with controls. Two sets of normalized gene expression values were obtained using MAS 5.0 and dCHIP. Although the MAS 5.0 algorithm is suitable for determining high level expression values, for low level expression values, the model-based expression index analysis performed in dCHIP improves the accuracy of the expression values by reducing the variability of low expressing targets. Pairwise statistical comparisons of individual LTP time points with controls was performed using CyberT, which performs t tests that incorporate a Bayesian estimate of the variance of the microarray expression data to compensate for a low number of experimental replicates (33) . Statistically significant genes were combined to generate a list of activity-regulated genes (ARGs) for further analysis. Hierarchical clustering of ARG expression profiles was performed using GeneSpring (Silicon Genetics).
Chromosomal Gene Clustering Analysis-Analysis of chromosomal clustering of ARGs and LGs was performed using a statistical approach described previously (34) . This statistical strategy was chosen because it allows us to compare the ARG distribution pattern with patterns computed from the same number of randomly profiled genes from the gene pool on the U74Av2 gene chip. Only those ARGs and LGs that had chromosomal position information in the University of California, Santa Cruz, genome data base were used in this analysis. After comparing to 1000 random sampling profiles of the same number of MUG74Av2 genes with expression values higher than the background and positional information, we found that ARGs were significantly clustered on chromosomes at an intergenic distance of 500 and 1000 kb, whereas LGs were significantly clustered at 100 and 250 kb. Hypergeometric cumulative distribution calculations were performed to determine the statistical significance of the association of LGs with ARG clusters, based on the probability of the association of LGs with ARG clusters. Conservation of mouse ARG clusters in the different vertebrate and invertebrate species was determined using gene homology information obtained from the Affymetrix NetAffx Analysis Center data base. Of the ARGs that formed clusters, only those that had identifiable homologs and chromosomal position information were included for the conservation analysis. A mouse ARG cluster was considered conserved in a different genome if 75% of ARG homologs appeared together on a chromosome locus in the same order.
Quantitative Real Time RT-PCR-Real time RT-PCR was performed with an ABI Prism 7700 sequence detection system and LUX fluorogenic primers (Invitrogen). For each target gene, the fluorophore-labeled LUX forward primers and their corresponding unlabeled reverse primers were designed using LUX Designer. From each sample of total RNA used for microarray hybridization, ϳ0.5 mg of total RNA was converted to cDNA using SuperScript First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions. PCR cycles were as follows: 2 min at 50°C, 2 min at 95°C, and then 45 cycles of 15 s at 95°C and 30 s at 60°C. The relative difference of expression levels between control and LTP time points for each gene was calculated by a relative cycle threshold method using ␤-actin as a reference.
siRNA Transfection and Western Blot Analysis-Primary cortical neurons were isolated from rat embryos (E18) according to Banker and Goslin (35) . For siRNA transfection, 5 ϫ 10 6 cells in 100 l of the rat-specific nucleofector solution (Amaxa) were transfected with 2.5 M siRNA (Upstate), using the nucleofector device from Amaxa. Immediately after transfec-tion, cells were plated in 6-well plate coated with polylysine (Sigma). With fluorescently labeled siRNA, we detected that all cells were transfected. Cells were harvested at day 6 post-transfection for Western blot analysis with the ECL detection system (Amersham Biosciences). The antibodies used were anti-CREB antibodies (1:1000) from Cell Signaling and peroxidase-conjugated donkey anti-rabbit antibodies (1:5000) from Amersham Biosciences.
RESULTS

Characterization of Synaptic ARGs by DNA Microarray
Analysis-Previous studies identified a number of genes, especially IEGs, regulated by neuronal activities, and some of them are implicated in synaptic plasticity (24, 30, 36) . We reasoned that a systematic characterization of ARGs modulated by synaptic activities that are relevant to LTP induction would allow us to identify molecular pathways involved in LTP expression. Therefore, we sought to profile ARGs that were up-or downregulated at various time points after tetanic stimulations that induce LTP. We thought that a time course profiling of ARG expression would provide a means to uncover the dynamics of molecular processes during LTP expression.
In this study, we focused on profiling ARGs in the DG because many previously characterized ARGs were identified in this hippocampal region. To minimize potential masking effects from other hippocampal regions without LTP induction, we prepared mouse DG mini slices (Fig. 1A) . We reliably induced LTP in the perforant pathway of mini slices, using the protocol of tetanic stimulations (four trains of 100 Hz spaced by 30 s) (Fig. 1B) . Mini slices at 30, 60, 90, and 120 min after LTP induction were collected for microarray analysis, whereas mini slices receiving only test stimulations but without LTP induction were used as controls. The mouse U74Av2 gene chips from Affymetrix were used to determine the expression profiles of 12,000 genes and ESTs. As LTP induction may not occur in all neurons in the dentate gyrus and slicing processes can induce transcription of ARGs (37), we expected that the magnitude of ARG expression changes in response to tetanus would be partially masked and thus small. To obtain sufficient statistical power to detect LTP-regulated ARGs, we included four independent microarray replicates for controls and experiments at each time point (Fig. 1C) . RNA for each replicate was prepared from pooled 10 mini slices from independent experiments. To Microarray analyses were performed on four time points after tetanus. Mini slices that received test but not tetanic stimulations were used as controls. Four independent array repeats were included for each time point and control. Ten mini slices from different mice and independent LTP experiments were collected for preparation of RNA for one replicate. D, strategy for preparing control and experimental mini slices. See text for details.
control the variability between slices from different time points, we designed the following strategy for mini slice preparation (Fig. 1D) . Each set of mini slices included control and 30-, 60-, 90-, and 120-min samples and were generated from the same animal. The same set of mini slices was treated exactly the same. They were recovered in the O 2 chamber for 30 min and then simultaneously transferred to the same recording chamber (27°C). After 60 min in the recording chamber, LTP mini slices sequentially received 10 min of test stimulation following by tetanus (four times at 100 Hz with 30-s intervals) as indicated in Fig. 1D , whereas control mini slices only received test stimulations. Following LTP induction, slices were kept in the recording chamber without stimulation until all slices were collected and frozen at the same time for RNA purification. Therefore, the source and treatments of control and experimental mini slices prepared with this procedure were exactly the same except for stimulation; slices with LTP induction at different time points had different period of time prior to LTP induction (Fig. 1D) .
We first tested the reproducibility of microarray data between different replicates. The overall similarity in gene expression profiles between replicates of the same time point was assessed by determining their Pearson correlation (r value), which ranged from 0.965 to 0.978 with a mean of 0.9742 (Table  1) . These high r values indicated a high degree of reproducibility in sample collection, RNA preparation, and array hybridization.
To identify ARGs that significantly changed their expression levels at specific time points after LTP induction, we used a statistical analysis strategy of multiple comparisons suggested for time course microarray experiments (32) . Using the Bayesian-based t test platform CyberT (33), we performed statistical comparisons of genomic expression between a specific experimental time point and the control. This statistical strategy was chosen because the goal was to identify genes that were changed at specific time points after LTP induction. Genes with significant alterations in their expression levels at one or more experimental time points were counted as ARGs. We found a total of 336 nonredundant ARGs at the p Ͻ 0.01 level and 1664 ARGs at the p Ͻ 0.05 level ( Fig. 2A ; supplemental Table 4 ; note that supplemental Table 4 contains a small number of redundant genes represented by different probe sets). The magnitude of ARG ( p Ͻ 0.05) expression changes was indicated in Fig. 2B and supplemental Table 4 . Of all ARGs at the p Ͻ 0.05 level, 39% were upregulated and 61% were down-regulated. The identified ARGs included fos and homer 1 ( Fig. 3 ; supplemental Table 4 ) that are known to be regulated by neuronal activities (24) . To validate the microarray data further, we performed quantitative real time RT-PCR to profile the dynamic expression of a group of ARGs (Fig. 3) . Results showed that 89% (32:36) of microarray expression data were confirmed by real time RT-PCR ( Fig. 3) . Using a recently developed statistical approach (38), we estimated that the overall false positive rates at the level of p Ͻ 0.01 and p Ͻ 0.05 were 14 and 23%, respectively.
Enrichment of LGs in ARGs-As we profiled ARGs that responded to LTPinducing synaptic stimulations, we expected that some of the identified ARGs should be implicated in LTP by previous studies. To evaluate this possibility, we compared our list of ARGs with LGs identified through a search of the biomedical literature in the PubMed data base Table 2 ). 55 ARGs ( p Ͻ 0.05) were LGs, which is significantly higher than the number computed from randomly sampled profiles ( p ϭ 1.3 ϫ 10 Ϫ51 ). These observations indicate that the ARGs are substantially enriched for LGs.
Global Molecular Changes after LTP Induction-ARGs identified by the microarray analysis provide an unbiased way to assess the global molecular alterations evoked by LTP induction. We employed two approaches to assign functional categories for ARGs. In the first approach, we performed Gene Ontology (GO) analysis on all ARGs at the p Ͻ 0.05 level using the NetAffx data base. This analysis revealed that the GO functional groups of ARGs covered a wide range of cellular processes, including responses to external stimuli ( p ϭ 2 ϫ 10 Ϫ6 ), signal transduction ( p ϭ 3.9 ϫ 10 Ϫ5 ), transcription ( p ϭ 10 Ϫ2 ), and regulation of cytoskeleton (6.3 ϫ 10 Ϫ3 ) ( Fig. 4A ; supplemental Table 1 ). This observation indicates that tetanus-mediated LTP induction evokes complex transcriptional cascades that may ultimately lead to changes of cellu- To rigorously investigate the functionalities of ARGs, we also performed an extensive PubMed search to extract functional information for individual ARGs as reported in the biomedical literature. For this analysis, we focused on 336 ARGs at the p Ͻ 0.01 level. Functional categories were not assigned for ARGs that were only ESTs or that had limited published information regarding their functions. By using this approach, we were able to assign functions for 261 ARGs ( Fig. 4B ; Table 2 ). Several salient features were observed through this analysis. First, many ARGs are involved in the regulation of cell surface and adhesion, extracellular matrix, cytoskeleton, cytokine and growth factor signaling, and transcription. These observations suggest that tetanus-mediated LTP induction leads to alterations in multiple molecular processes that modulate cell-cell and cell-extracellular matrix interactions, cell morphologies, and gene expression. These pathways likely work together to regulate LTP expression. Second, although certain categories (e.g. the cell surface/adhesion and extracellular matrix categories) were found to be both up-and down-regulated at different time points, ARGs in the same category that were up-regulated were different from those that were down-regulated ( Table  2 ), indicating that different aspects of the same cellular processes were deliberately modulated during LTP expression. Third, ARGs of some categories were biased to be up-or down-regulated. For instance, ARGs involved in the regulation of chromatin structure were only found to be up-regulated. On the other hand, ARGs that are implicated in translation, mitochondrial energy production, and myelin metabolism and that encode proteases and their inhibitors were mainly down-regulated (Table 2) . Finally, many ARGs are known to play roles in synaptogenesis, synapse differentiation, neurite outgrowth, and synaptic plasticity (Fig. 4B) , supporting the notion that formation and remodeling of synapses are involved in LTP expression (39 -42) .
Molecular Dynamics during LTP Expression-Global analyses do not provide information about expression changes of individual genes associated with the temporal evolution of LTP. For example, "how do expression changes of ARGs at various time points correlate with underlying LTP-related cellular alterations?" Such a question has to be addressed by examining the functions and temporal behaviors of individual ARGs. We tempted to address such a problem by two approaches. First, we sought to organize temporal profiles for individual ARGs ( p Ͻ 0.05) by hierarchical clustering. To uncover the dynamic molecular changes during LTP expression, we performed separate hierarchical clustering analyses for up-and down-regulated ARGs at each time point (Fig. 4A) . We intended to identify specific GO groups that are up-or down-regulated at different time points to help us assess the temporal molecular changes associated with LTP expression. We found that many ARGs in the same GO groups shared similar temporal expression profiles and thus were in the same expression clusters (Fig. 4A) , supporting the notion that temporally clustered genes are likely involved in the same biological functions (43) . Each time point was characteristically marked by specific GO clusters (Fig. 4A) , indicating distinct temporal molecular changes during LTP expression. For instance, several expression clusters of ARGs that are involved in responses to external stimuli were up-regulated at 30 and 60 min after LTP induction; these ARGs include matrix metalloproteinase, immunoglobulins, and histocompatibility proteins (supplemental Table 1 ). These results suggest that LTP-inducing synaptic activities turn on cascades of molecular responses for intercellular and cell-matrix interactions. These processes may play an important role in interactions between pre-and post-synaptic components during the early phase of LTP expression. ARG clusters involved in cell growth and maintenance were found to be down-regulated at 30 and 90 min and up-regulated at 60 and 90 min ( Fig. 4A ; supplemental Table 1) , indicating an extensive regulation of these processes during the course of LTP expression. Cell growth and maintenance-related ARGs are largely different at different time points (supplemental Table 1 ), suggesting a temporal dynamic change of different aspects of this biological process during the evolution of LTP expression. Cytoskeletonrelated clusters were found down-regulated at 30 min but upregulated at 60 and 90 min (Fig. 4A ). Not surprisingly, given the importance of the cytoskeleton in cell growth and maintenance, some cytoskeleton-, cell growth-, and maintenance-related ARG clusters were overlapped (Fig. 4A) . The cytoskeleton-related ARGs may be involved in structural changes of the synapse that are associated with LTP expression. Many ARG expression clusters related to transcriptional regulation were down-regulated throughout the course of LTP expression, although a few were up-regulated at 30 min (Fig. 4A ). These observations indicate that ARG-mediated transcriptional regulation is implicated in various time points through LTP expression, supporting the important role of gene expression in long lasting synaptic plasticity.
How would ARGs regulate structural and functional changes of the synapse during LTP expression? To address this problem, we analyzed the function of individual ARGs ( p Ͻ 0.01) at each time point. At 30 min, many ARGs were found to be involved in cell-cell interactions, neurite outgrowth, synapse formation, and remodeling. Among the up-regulated ARGs neurexophilin 2, matrix metalloproteinase 15, a disintegrin, metalloproteinase 5, and fibroblast growth factor 7 are included; among the downregulated ARG CD34 and protocadherin ␥ subfamily A 10 are included. These observations indicate that at this stage of synapse formation and remodeling is a major cellular process that is extensively regulated by up-and down-regulation of specific ARGs. At 60, 90, and 120 min, many ARGs implicated in regulation of the cytoskeleton, including actin network and microtubules, were up-regulated; these include Wiskott-Aldrich syndrome homolog, myosin heavy chain 8, annexin A8, kinesin-like 1, pericentrin 2, and carcinoembryonic antigenrelated cell adhesion molecule 10. Some of them are known to be involved in neurite morphogenesis and synapse formation. Other cytoskeletal regulators, including dynein heavy chain 8, erythrocyte protein band 4.2, annexin A1, and tubulin ␣4, were down-regulated. Given the importance of the cytoskeleton in synapse differentiation and stabilization, the regulation of these genes may be important for the structural changes of synapses during the expression of LTP. Numerous ARGs that were dif-ferentially up-or down-regulated at various time points are involved in transcription regulation and signaling transduction. Their roles in regulation of synaptic structures and functions are less clear and most likely indirect.
Molecular Pathways with Enriched ARGs-One goal of this study was to characterize the synaptic activity-modulated molecular pathways that may be implicated in LTP regulation. We therefore investigated the genetic networks and pathway ). This observation is consistent with the importance of the MAPK signaling pathway in LTP (44) . In addition, we observed that genes the Wnt signaling pathway were also enriched ( p ϭ 10
Ϫ6
). Guided by this finding, we specifically tested the potential role of Wnt signaling in synaptic plasticity, and we found that Wnt signaling plays a critical role in regulating LTP (45) . These results together support a functional significance of the molecular pathways with enriched ARGs in the regulation of LTP.
We also used the PathwayAssist data base (Stratagene) to determine the physical and functional interactions among ARG proteins to identify ARGs that are involved in the same biological processes. This analysis revealed many physically or functionally interacting clusters of ARGs implicated in specific biological processes (Fig. 5) . For example, ARGs in cluster 2 in Fig.  5 encode cytoskeletal adaptor proteins that are involved in the regulation of the cytoskeleton, Wnt signaling, and anchoring of the CaMKII protein and ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors in the postsynaptic density. On the other hand, many ARGs in cluster 1 are transcription factors, including CREB1, CREB-binding protein (CREBBP), and CBP/p300 (CITED1) that are known to play important roles in long term synaptic plasticity. Some of other ARG clusters are related to cellular transport, cell signaling, fibroblast growth factor signaling, lipid metabolism, mitochondrial oxidative metabolism, and assembly of major histocompatibility complex class I complex. One cluster (cluster 4) is related to cell apoptosis (Fig. 5) ; ARGs in this cluster may mediate the toxic effects of excessive synaptic activation that results in neuronal damages.
Chromosomal Clustering of ARGs-The above results indicated that the LTP induction evokes dramatic genomic responses by altering the expression of a large number of ARGs, which may be functionally related to adaptive changes of the neuron, including LTP. To initiate the understanding of the chromatin mechanism underlying activity-regulated ARG expression, we sought to determine how ARGs are organized in the mouse genome. Toward this end, we examined the chromosomal distribution patterns of ARGs. After mapping ARGs ( p Ͻ 0.05) that had available positional information, we observed that ARGs were concentrated at specific chromosomal regions rather than a random distribution (Fig. 6A) . To rigorously confirm this observation, we used a statistical method described previously to test the significance of ARG clustering (34) . All tandemly duplicated genes were excluded in the clustering analysis to avoid their contributions to the formation of gene clusters. Statistical comparisons of the ARG patterns with 1000 patterns from randomly profiled genes showed that, at an inter-gene interval of 500 and 1000 kb, ARGs displayed a strong clustering pattern, which was significantly different from the random profiles ( p ϭ 5.27 ϫ 10
Ϫ4
; Fig. 6A ). 79.4% (927:1167) of ARGs with known position information were clustered (red bars in Fig. 6A ). Although some ARGs formed small clusters with two to four genes, many ARGs formed clusters with more than five genes (Fig. 6B ). These observations suggest that there are activity-responsive chromatin domains that host ARGs.
Functional Correlations of Clustered ARGs in LTP-Results described above revealed a chromosomal clustering of LTPregulated ARGs, although we did not observe structural homologies among ARGs in the same clusters. We next sought to investigate whether clustered ARGs are functionally correlated in cellular processes regulated by synaptic activation. GO analysis of all clustered ARGs revealed that they are significantly enriched in a number of GO terms, including signal transducer activity ( p ϭ 7 ϫ 10 Ϫ6 ), response to external stimulus ( p ϭ 1.6 ϫ 10 Ϫ5 ), and transcription factor activity ( p ϭ 4.2 ϫ 10
Ϫ3
). However, examination of proteins encoded by individual ARGs in the same clusters failed to detect obviously correlated molecular functions or activities. As ARGs are regulated by LTP induction, we hypothesized that clustered ARGs may be functionally correlated by coordinating LTP expression. To test this hypothesis, we used bioinformatics and experimental approaches to investigate whether individual ARGs of distinct clusters are involved in LTP. For the initial analysis, we focused on an ARG cluster on chromosome 2, which consists of seven known genes and one EST ( Fig. 7A ; see supplemental Table 4 for their expression changes after LTP induction). ARGs in this cluster do not show structural homologies, and their protein products have apparently different molecular functions.
A search of the PubMed data base indicated that four ARGs in this cluster had been shown to be implicated in LTP expression by previous studies (Fig. 7B) . These include cytokine interleukin 1 (46 -48), neuromodulators prodynorphin (49) and arginine vasopressin (50) , and receptor protein-tyrosine phosphatase ␣ (51, 52). The potential involvement of other ARGs in this cluster, including transglutaminase 3, CDC25B, and Src homology 2 domain-containing protein-tyrosine phosphatase substrate 1 (SHPS-1; Ptpns1), in synaptic plasticity had not been studied. Therefore, we performed experiments to determine whether they are also involved in LTP.
Transglutaminases-Transglutaminases are Ca 2ϩ -dependent enzymes that catalyze protein cross-linking by covalent bonds (53) . This class of enzymes is widely distributed in many tissues, including the brain and is found in the nerve termini and synapses (54) . In the nervous system, a variety of regulatory activities of transglutaminases has been suggested. These include stabilization of synapses, synapse formation and differentiation, neurotransmitter release, and modulation of adenylyl cyclase and CREB activation (54 -58) . To examine if the transglutaminase is involved in the regulation of LTP, we determined the effect of cystamine, a specific antagonist of the enzyme (59, 60), on LTP expression. The result showed that cystamine impaired the expression of both early and late phase LTP induced in the perforant pathway (Fig. 7C) . On the other hand, the basal synaptic transmission was not affected by cystamine (Fig. 7D) . These observations indicate the activity of transglutaminases is essential for LTP expression. Consistent with this notion, previous studies suggested that activation of N-methyl-D-aspartate receptors led to the increase of transglutaminase activities and that LTP induction by tetanic stimulations was accompanied with transglutaminase-catalyzed protein cross-linking (61, 62) .
CDC25B-CDC25B is an oncogene encoding a tyrosine phosphatase that regulates cell cycles by controlling the activity of CDC2/cyclin B kinase (63) . Previous studies had shown that the CDC25B protein is also expressed in terminally differentiated neurons of the adult brain (64) . An abnormal up-regulation of CDC25B in post-mitotic neurons had been suggested to be involved in the development of Alzheimer disease (64) . The fact that the expression of CDC25B was modulated by tetanus-evoked synaptic activities suggested that this cell cycle regulator may function in postmitotic neurons, possibly during synaptic plasticity. To determine the possible role of CDC25B in LTP, we used the NSC663284 compound, a specific inhibitor of CDC25B (65), to block its activities in hippocampal slices. Our results showed that NSC663284 was able to completely block LTP induction by one or four trains of tetanic stimulations ( Fig.  7E ; data not shown). We also observed that NSC663284 did not affect basal transmission (Fig. 7F) . These results indicate that, in addition to its well known activities in cell cycle regulation, the CDC25B tyrosine phosphatase plays a critical role in LTP expression.
SHPS-1-SHPS-1 (Ptpns1) is a synaptic adhesive Ig-like transmembrane glycoprotein that belongs to the family of signal regulatory proteins and is involved in receptor tyrosine signaling (66) . It has an extracellular domain containing three Ig-like repeats, a transmembrane domain, and an intracellular domain that can interact with multiple proteins to initiate signaling cascades, including the MAPK pathway (66) . Various mitogens such as epidermal growth factor and platelet-derived growth factor can activate SHPS-1 signaling (66) . Furthermore, SHPS-1 can regulate cell-cell interaction through bi-directional signaling by interacting with the integrin-associated protein (IAP/CD47), a transmembrane glycoprotein that is present at the synapse (67) . PHPS-1 is associated with synaptic regions and can promote neurite outgrowth and filopodial extension in LGs) (blue bars) in the mouse genome. Statistical analysis of chromosomal gene clustering was performed according to a previously described method (34) . B, histogram of the cluster size of ARGs. Note: because of a limited resolution of the physical map in Fig. 3A , some clustered genes that are closely located on chromosomes may appear as single bars.
FIGURE 7. Involvement of clustered ARGs in LTP.
A, physical map of an ARG cluster on the mouse chromosome 2. B, several ARGs in this cluster were reported in previous studies to be involved in LTP. C, the transglutaminase-specific inhibitor cystamine impaired the early and late phase LTP. D, cystamine had no effects on the basal synaptic transmission as determined by the input-output curve. E, the CDC25B-specific inhibitor NSC663284 blocked the induction of early as well as late phase LTP. F, NSC663284 had no effect on the input-output curve. G, the specific anti-SHPS-1 antibody impaired early phase LTP but not late phase LTP. H, the anti-SHPS-1 antibody did not affect the input-output curve. OCTOBER 6, 2006 • VOLUME 281 • NUMBER 40
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growth cones. Potential roles of PHPS-1 in synapse formation and synaptic stability and function have been postulated (68) . We sought to determine the possible involvement of PHPS-1 in LTP expression. Toward this end, we used a specific anti-PHPS-1 antibody that binds the extracellular domain to block PHPS-1 functions, presumably by inhibiting the interaction with its ligands. Previous studies demonstrated that anti-PHPS-1 antibodies were able to specifically block PHPS-1-mediated neurite extension (69) . Our results showed that incubation of hippocampal slices with anti-PHPS-1 antibody attenuated early phase LTP but had no obvious effects on late phase LTP (Fig. 7G) . This antibody also did not affect basal synaptic transmission (Fig. 7H ). These observations suggest that PHPS-1 plays a specific role during the expression of early phase LTP.
Results from our LTP experiments and previous studies from others described above (46 -52) indicate that all known genes in this ARG cluster are involved in the regulation of LTP. It was of interest to note that inhibition of the transglutaminase, CDC25B, and PHPS-1 led to different LTP impairments that were characteristic for individual proteins (Fig. 7) . Specifically, blocking transglutaminases resulted in decreased LTP during both early and late phases, whereas inhibition of PHPS-1 only affected early phase LTP. On the other hand, blocking CDC25B completely inhibited the induction of LTP. These differential effects suggest that individual ARGs in this cluster may regulate different physiological processes underlying LTP and together coordinate LTP expression. Therefore, although proteins encoded by ARGs in this cluster are different in their molecular properties, they all contribute to LTP expression.
Next, we sought to investigate if ARGs in other clusters are involved in LTP regulation. Toward this end, we analyzed another cluster on chromosome X. This cluster consists of two ARGs, v-Raf and tissue inhibitor of metalloproteinase 1 (TIMP1). v-Raf is an important regulator of the MAPK signaling pathway that is critical for LTP expression (44), although no LTP-related roles have been reported for TIMP1. We showed that applications of purified TIMP1 proteins potentiated early phase but not late phase LTP (supplemental Fig. 1) , indicating a role of this ARG in LTP. Interestingly, this ARGs cluster is located close to Elk1, which is involved in LTP expression (supplemental Fig. 1) (70) . Furthermore, we also performed a focused search of the published literature on ARGs in selected clusters and found that a number of clusters are enriched with genes that play a role in LTP expression (supplemental Table 3 ). Together, these observations suggest that clustered ARGs are involved in LTP.
Clustering of LTP-related Genes on Chromosomes-The fact that ARGs in multiple clusters described above are involved in LTP regulation suggests the possibility of chromosomal clustering of other LGs in the genome. To investigate this possibility, we searched the PubMed data base for genes that had been reported previously to be involved in LTP. All papers from this search were read to identify genes with experimental evidence for their roles in LTP. As a result, 290 homologs of LGs were found on the U74Av2 gene chip (supplemental Table 2 ). As we only used LTP and Gene as key words in the PubMed search, it is possible that there were other LGs that were missed. All identified U74Av2
LGs were then mapped onto mouse chromosomes. Although LGs used in this genomic distribution analysis only represent 0.79% of total mouse genes, instead of a random distribution, they formed a clear pattern of clustering on chromosomes (blue bars in Fig. 6A ). Statistical analysis showed that the clustering of LGs was significantly higher than that from 1000 random profiles ( p ϭ 1.69 ϫ 10 Ϫ3 ). These observations support the idea that, similar to ARGs identified by the microarray experiments, LGs also tend to cluster on chromosomes.
Association of LTP-related Genes with ARG Clusters-To assess the involvement of other ARG clusters throughout the genome in LTP, we sought to determine whether ARG clusters are associated with LGs. We reasoned that associations between ARG clusters and LGs would provide suggestive evidence for the involvement of ARG clusters in LTP. A comparison of the mouse genomic map of LGs with that of ARGs indicated that many of the LGs were within or close to ARG clusters (Fig. 6A) . Statistical analysis using the hypergeometric cumulative distribution method suggested that LGs were significantly associated with ARG clusters ( p Ͻ 0.001). Of 228 ARG clusters, 42.5% of them were associated with LGs. On the other hand, 60% of LGs with identified chromosomal positions were associated with ARG clusters. As our microarray analysis only covers one-third of the mouse genome, the rest of LGs that were not found to associate with the current ARG clusters may associate with other unknown clusters. The significant association between LGs and ARG clusters supports the idea that ARG clusters throughout the genome are potentially involved in LTP.
Clustering of ARG Homologs in Other Genomes-If chromosomal clustering of ARGs is important for synaptic plasticity, there would be a selective pressure during evolution to maintain ARG clusters. To test this hypothesis, we first performed clustering analysis of ARG homologs in other genomes to investigate if they also form clusters. ARG homologs were identified basing on Affymetrix NetAffx Analysis Center data base. When multiple homologs were found for the same mouse ARG, only the one that showed the highest homology was used for clustering analysis to avoid potential contributions of multiple homologs to clustering. Similar statistical methods as used above were used to determine the significance of clustering. We found that although only a portion of mouse ARGs have unambiguously identifiable homologs, these homologs were observed to significantly cluster in human, rat, Drosophila, and Caenorhabditis elegans genomes (Fig. 8A) . These results indicate that clustering of ARGs on chromosomes is an evolutionarily conserved phenomenon.
We also investigated if mouse ARG clusters are maintained in other genomes as syntenic regions. Only ARGs that had identified homologs in other genomes and formed clusters in the mouse genome were used in this analysis. As exemplified in Fig.  8B , ARG clusters on mouse chromosome 2 are largely preserved in syntenic regions of human chromosomes. The relative positions of individual ARGs in a cluster in the mouse genome were also preserved in the corresponding human syntenic regions, although some syntenic regions were reversed in human chromosomes (Fig. 8B) . The overall conservation rate of mouse ARG clusters in the human genome is 89.2% (Fig. 8C) . Similarly, mouse ARG clusters are also highly conserved in the rat genome (Fig. 8C ). These observations indicate ARG clusters are evolutionarily conserved in mammalian genomes. Relatively low conservation rates for ARG clusters were observed in Drosophila and C. elegans genomes (Fig. 8C) . Because only a small number of clustered ARG homologs were identified from these invertebrate genomes, these low conservation rates may partly due to underestimations.
CREB-regulated ARG Clusters-Why are ARGs organized into clusters on chromosomes? One possibility is that chromosomal clustering of ARGs facilitates the co-regulation of these functionally related genes by synaptic activation. Therefore, we sought to investigate the mechanism by which synaptic activity co-regulates ARGs in the same cluster. We hypothesized that ARGs in a cluster could be co-regulated by sharing the same transcription factor and its regulatory elements. To test this hypothesis, we specifically focused on the potential role of CREB in coordinating the activity-dependent expression of clustered ARGs. Recently, the chromosomal pattern of CREBbinding loci in the rat genome was reported (71) . We found that many rat ARG clusters are located in the same chromatin regions with enriched CREB-binding loci (Fig. 9A) . This observation is consistent with the idea that ARGs in clusters in the chromatin domains enriched with CREB-binding sites may be co-regulated by CREB. To directly test this idea, we used the siRNA approach to knock down CREB in primary mouse cortical neurons and then determined the effect of down-regulation of CREB on activity-induced transcription of ARGs in two ARG clusters in chromatin domains enriched with CREB-binding sites ( Fig. 9 ; see supplemental Table 4 for their expression changes after LTP induction). By using a CREB-specific siRNA, we successfully suppressed CREB protein expression in primary cortical neuron cultures (Fig. 9B) . CREB knockdown did not affect neuron morphology (Fig. 9C) . We then elicited synaptic activity of cultured neurons with bicuculline plus 4-aminopyridine (72) . mRNA was extracted 1 h after bicuculline application for quantitative real time RT-PCR analysis. Results indicated that bicuculline applications induced transcription from most ARGs of the clusters and that this transcriptional activation was abolished after CREB knockdown (Fig. 9D ). To conclusively demonstrate that CREB siRNA blocked the activation of clustered ARGs via CREB down-regulation, we also determined the effect of CREB siRNA on forskolin-stimulated transcription, because forskolin activates gene transcription via the cAMP/cAMP-dependent protein kinase/CREB pathway. We found that CREB siRNA blocked forskolin-induced transcription of the clustered ARGs (Fig. 9D) . In contrast, bicuculline and forskolin failed to activate ARGs at domains without CREB-binding loci and housekeeping genes, and CREB siRNA did not affect the basal transcription of these genes (Fig. 9E ). These observations together suggest that the activity-induced transcription of ARGs in the clusters associated with CREBbinding sites is co-regulated by CREB.
DISCUSSION
ARGs and LTP-related Molecular Processes-We have used DNA microarray techniques to characterize ARGs that alter their expression during the course of tetanus-induced LTP. Although numerous previous studies characterized genes that respond to neuronal activities, especially the group of IEGs (11, 12, 24) , the time course microarray analysis reported here identified ARGs that are regulated by LTP induction and thus likely relevant to LTP maintenance. Indeed, the ARG list includes many previously reported LTP-related genes. The functional significance of the ARGs in LTP is also supported by the experiments on transglutaminase, CDC25B, SHPS-1, and TIMP1, whose roles in LTP were not known previously (Fig. 7) . Collectively, ARGs identified in this study provide an overview of molecular processes that potentially underlie LTP expression. The ARG-associated processes are complicated, including signal transduction, transcription regulation, and modulation of synaptic structure and functions (Figs. 4 and 5; Table 2 ; supplemental Table 1 ). These findings indicate complex molecular Shown are summary data from six independent experiments. Note that bicuculline-and forskolin-induced mRNA up-regulation of clustered ARGs was diminished by CREB siRNA. E, effect of CREB siRNA on ARGs (PTD015, chromosome 7; Tgoln1, chromosome 6) at domains not with enriched CREB-binding loci and on housekeeping genes (HPRT1 and actin). Note that these genes were not activated by bicuculline and forskolin and that CREB siRNA did not affect their basal transcription.
cascades underlying LTP expression and maintenance. Consistent with this notion, LTP-related genes that were identified by previous studies are also involved in many different molecular processes (73, 74) . We expect that some of ARG-associated processes are essential for LTP expression; many others may have regulatory functions.
ARGs provide molecular supports for proposed critical cellular changes associated with LTP. For instance, structural changes at the synapse and new synapse formation are thought to be critical for longer lasting LTP (10, 42) . Consistent with this notion, a significant number of ARGs are involved in neurite outgrowth and synapse formation (Fig. 4B ). In addition, many ARGs are implicated in the regulation of cytoskeletons and cellcell or cell-extracellular matrix interactions (Figs. 4 and 5 ; Table  2 ). Activity-regulated expression of these genes may directly contribute to the synaptic remodeling or formation of the synapse, because some ARG proteins that regulate cell-cell/extracellular matrix interactions and cytoskeletons, such as the SHPS-1 and transglutaminase, are known to be enriched at the synaptic regions.
ARGs also suggest novel molecular processes underlying LTP. For example, CDC25B is an ARG that is a well known cell cycle regulator (63), but our results suggest that it plays a role in the regulation of synaptic plasticity (Fig. 7) . In addition, we discovered previously unknown roles for other ARGs such as SHPS-1, transglutaminases, and TIMP1in LTP ( Fig. 7; supplemental Fig. 1 ). We expect that further investigation of the ARGs reported here will generate new knowledge about LTP-related molecular pathways.
We investigated the network and pathway structure of ARGs to identify molecular pathways with enriched ARGs, because such ARG-rich pathways are likely critical for LTP. We found specific known LTP-related pathways, such as the MAPK signaling, were enriched with ARGs. In addition, we also identified novel ARG-rich molecular processes that potentially regulate synaptic plasticity. One of such novel pathways is the Wnt signaling pathway. Although the involvement of the Wnt signaling pathway in synaptic plasticity had not been known previously, many Wnt signaling-related genes were ARGs. Our subsequent analyses revealed a critical role of this signaling pathway in regulation of hippocampal LTP (45) . Taken together, the above findings indicate that identification and characterization of ARG-rich pathways are fruitful approaches to obtain insights into the novel molecular mechanisms underlying LTP.
Chromosomal Clustering and Transcriptional Regulation of ARGs-One striking finding from this study is the chromosomal clustering of ARGs. Previous studies indicated that genes co-expressing in the same tissue tend to cluster at chromosomal domains (34, (75) (76) (77) , but the biological significance of gene clustering was not clear. In prokaryotes, genes involved in the same biochemical pathway are often organized into operons, in which the clustered members are co-regulated by the same promoter (78) . Similar organizations of functionally related genes are not found in higher organisms except C. elegans (79) , although rare clusters of homologous genes that arose by duplication and divergence (e.g. the ␤-globin and Hox gene clusters) do exist (80) . On the other hand, the lack of operon-like structures in mammals does not preclude the possibility of a structured genomic organization related to biological functions. We found clustered ARGs are functionally correlated in LTP regulation, although they apparently do not share the same molecular functions. Furthermore, previously identified LTPrelated genes are also clustered on chromosomes and associated with ARG clusters. These findings indicate that genes that respond to synaptic activities and are functionally correlated in synaptic plasticity are clustered in the genome. As suggested by the chromosomal clustering of ARG homologs and the conservation of ARG clusters in different genomes, there is a selection pressure to maintain these gene organizations during evolution. Together, these lines of evidence strongly argue for a biological relevance of ARG clustering. Interestingly, memory consolidation genes were reported to concentrate on specific chromosomes (20) .
What is the functional significance of chromosomal ARG clustering for LTP-related transcriptional regulation? One possibility is that clustering of ARGs facilitates transcriptional coordination of the functionally related genes during LTP. Because LTP induction regulates the expression of numerous ARGs, the coordinated expression of ARGs is likely critical for LTP. For instance, the expression of some ARGs involved in the same molecular process of LTP may need to be temporally coordinated, whereas the level of certain ARG products that interact may need to be coordinated in a stoichiometric manner. Clustering of ARGs on chromosome may provide a genomic platform for the coordination of ARG transcription during LTP. We propose that chromosomal clustering may facilitate coordinated transcription of different ARGs from the following aspects. First, clustering provides a mechanism to reduce the burden of unpacking of DNA by decreasing the number of chromatin loci that need to be "opened" for transcription of ARGs during LTP. Given the extensive DNA compaction in the nucleus and the large number of LTP-related ARGs, such a strategy for simplifying DNA unpacking is probably important. Second, recent studies indicated that active genes in chromatin loops are dynamically organized into the transcription factories in the nucleus (81, 82) . Compared with a dispersed distribution, clustering of functionally related ARGs on chromosomes would dramatically facilitate the formation of such transcriptional organization. In fact, given the large number of ARGs regulated by LTP induction, such a chromosomal compartmentalization of ARGs is likely necessary to avoid the package of numerous chromatin loops in transcription factories. Third, an open chromatin loop usually contains multiple genes that are potentiated for transcription. If there is only one ARG in an open chromatin loop, other potentiated genes may not relevant to LTP. Even if the expression of these irrelevant genes is not harmful for LTP expression, it would be a waste to transcribe them. From this viewpoint, clustering of ARGs in chromatin domains may provide a genomic mechanism to reduce nonspecific transcription from genes that are irrelevant to LTP.
Previous studies postulated a role of chromatin structures in coordinating transcriptional co-regulation of clustered genes (34, 76, 83) . We propose here a CREB-mediated mechanism by which activity co-regulates the transcription of ARGs in the same cluster. In support of such a mechanism, we find that many ARG clusters are located in chromosomal domains enriched with CREB-binding loci and that the activity-and forskolin-induced transcription of the clustered ARGs depends on CREB (Fig. 9) . One potential consequence for clustering CREBregulated ARGs is that CREB and its regulatory elements can be shared by multiple ARGs in the same cluster. Furthermore, clustering CREB-regulated ARGs in chromosomal domains enriched with CREB-binding loci may increase local CREB concentration (Fig. 10 ). As such, the response sensitivity of ARGs in the cluster to CREB activation may be enhanced. We like to point out that the CREB-mediated co-regulation of clustered ARGs suggested here does not exclude the proposed mechanism mediated by chromatin domain structures (34, 76, 83) . In fact, chromatin structure and CREB may cooperatively co-regulate the clustered ARGs (Fig. 10) . In such a model, open chromatin domains provide a structural platform for co-regulation of clustered target genes, whereas CREB and other transcription factors are necessary to fine-tune the coordinated expression of individual genes in the open chromatin domain (Fig. 10) . We propose that the cooperative changes of chromatin structures and activation of transcription factors such as CREB offers a sophisticated mechanism to coordinate the transcription of clustered ARGs during LTP.
